We apply the theoretical formalism developed by us earlier ͓M. Vergeles and G. Szamel, J. Chem. Phys. 110, 6827 ͑1999͔͒ to study density, temperature, and bond-length dependence of the dynamic friction on a molecular bond. We show that the theory reproduces all the trends seen in molecular dynamics ͑MD͒ simulations. The theoretical predictions agree reasonably well with the results of MD simulations except for very low densities or very short bond lengths.
I. INTRODUCTION
In the last decade, the Generalized Langevin Equation ͑GLE͒, ẍ ϭϪ ‫ץ‬W͑x ͒ ‫ץ‬x
has often been used to study the intramolecular dynamics of solutes in liquids. 1, 2 The GLE describes the motion of the intramolecular coordinate x of reduced mass under the combined influence of the mean force Ϫ‫ץ‬W(x)/‫ץ‬x, solvent friction force Ϫ͐ 0 t d ()ẋ (tϪ), and the random force F(t) that originates from the solvent fluctuations. The mean force, being an equilibrium quantity, is, in principle, relatively easy to determine. The main problem in applying the GLE to the intramolecular processes of interest lies in determining the dynamic friction kernel (t). It should be noted here that since the fluctuating force is connected to dynamic friction via the fluctuation-dissipation theorem, the friction kernel determines both the systematic friction and the fluctuating force.
Recently, we have developed a theory for the dynamic friction kernel. 3 This theory is based on a formalism developed by us earlier 4 in order to describe self-diffusion in liquids. Briefly, the theory combines the many-body equilibrium structure of the liquid with a two-body dynamics: it assumes that the intramolecular relaxation can be described by considering correlated motions of the solute and a single solvent atom. It needs to be emphasized that during these motions, the solute feels the force of all the neighboring solvent atoms. This is in contrast to the independent binary collision ͑IBC͒ approach that assumes the existence of independent binary collisions in the liquid state. We would like to remark at this point that previous investigations of selfdiffusion in liquids 4, 5 showed that dynamics of liquids with continuous interactions cannot be described in terms of sequences of binary collisions.
In Ref. 3 we showed that at a single state point that was frequently used in previous investigations [6] [7] [8] [9] the theory is successful in predicting the dynamic friction in both time and frequency domains. 3 In this paper, we extend previous calculations to study the density, temperature, and bond-length dependence of the dynamic friction.
The aim of this study is twofold. First, we want to investigate whether the theory reproduces known trends in the density, temperature, and bond-length dependence of the dynamic friction. Second, we want to explore the limits of the applicability of our theory.
The paper is organized as follows. In Sec. II we briefly discuss the theoretical formalism ͑for a complete description see Ref. 3͒ and in Sec. III we describe MD simulations that we performed to obtain the necessary equilibrium quantities and to test the theory. In Sec. IV we compare theoretical predictions with the results of the MD simulations. We close the paper with a brief discussion in Sec. V.
II. THEORETICAL FORMALISM
We consider a homonuclear diatomic molecule dissolved in a simple liquid. The liquid consists of identical spherically symmetric particles of unit mass interacting via a pairwise potential V(r). Interaction of the atoms of the diatomic molecule with the solvent atoms is given by the same potential V(r). The atoms comprising the diatomic molecule also have unit masses. They interact via a harmonic potential with a vibrational frequency 0 and an equilibrium separation x 0
where ϭ1/2 is the reduced mass, and x is the instantaneous separation of the atoms of the diatomic molecule. Following the previous work, 3 we limit ourselves to the simplest case of a nonrotating diatomic molecule with the center-of-mass position fixed. The microscopic state of the molecule is therefore completely specified by xϭx A Ϫx B and vϭv A Ϫv B . Hereafter, the labels A and B denote the two atoms of the molecule.
The main object in our theory 3 is a distribution function f 1 (x,v,F;t). It gives the probability that the bond at a time t has a length x, the bond velocity is v, and the force on the bond coming from the solvent is F. The principal formal result of our theory is the evolution equation for the probability distribution f 1
Here, diϵdr i dv i , y 1 ϭ f 1 / f 1 eq , f 1 eq represents f 1 at equilibrium, f 2 eq (x,v,F,r 1 ,v 1 ) is the probability that at equilibrium the bond has a length x, the bond velocity is v, and the solvent force on the bond is F, and a liquid particle is located at r 1 , moving with a velocity v 1 . L 0 and L 2 are evolution operators
where
͑9͒
In order to calculate the bond velocity autocorrelation function ͑VACF͒ C v (t),
we have to find a particular solution, j(x,v,F;t), of Eq. ͑3͒ which at tϭ0 is equal to v. After finding j, we take its first velocity moment to obtain VACF
To solve the evolution Eq. ͑3͒, we use a moment expan-
with 2 being the renormalized bond frequency,
and
where ͗¯͘ 1 denotes averaging over the diatomic molecule equilibrium probability distribution,
Using ansatz ͑12͒, we can obtain a closed system of equations for
with the initial conditions
One can show 3 that the VACF obtained from the moment expansion has the correct short-time behavior.
In their pioneering studies of the dynamic friction, Berne and collaborators 6 showed that the dynamic friction kernel (t) has a very weak dependence on the vibrational frequency 0 . Thus, one can calculate the friction kernel for a rigid bond ( 0˜ϱ ) and then use this infinite frequency kernel (t) in the memory function equation
to obtain VACF for finite values of 0 . It should be emphasized that in principle our theory is not restricted to the infi-nite frequency limit. However, for computational convenience we calculate only the high vibrational frequency ( 0˜ϱ ) limit of the friction kernel. In the high-frequency limit, the collision kernels Z 0 , Z 1 , Z 2 , and Z 3 are given by the following formulas:
where m is the Maxwellian velocity distribution, g 2 eq (r 1 ,F) is the joint probability density for a liquid particle to be at r 1 ͑with the center of mass of the diatomic located at the origin͒ and for the solvent force on the bond to be F, and ͑ V͑r A1 ͒ϪV͑ r B1 ͒͒. ͑33͒
In the limit of infinite vibration frequency, the evolution operator L 2 becomes
To calculate the collision kernels, we need the equilibrium distribution g 2 eq (r 1 ,F) that we obtain from the MD simulations. We would like to emphasize that the theory uses as input only equilibrium information. For details of the calculation of the collision kernels, see Ref. 3 .
Once the kernels are known, the equations of motion ͑22͒-͑25͒ can be easily solved by using a Fourier-Laplace transform, f()ϭ͐ 0 ϱ dt e it f (t). The transform of VACF is
.
͑35͒
It is easy to see that in the time domain VACF satisfies ͑27͒, where the dynamic friction (t) is the inverse FourierLaplace transform of (),
We have thus derived an equation of motion for VACF that has the same form as the one obtained from the GLE. In addition, we have obtained an expression for the dynamic friction. VACF and the dynamic friction in the time domain can now be obtained by applying an inverse Fourier-Laplace transform to ͑35͒ and ͑36͒.
III. MOLECULAR DYNAMICS SIMULATIONS
All MD simulations in this work are done using the following model system: a nonrotating diatomic molecule with the center of mass fixed, dissolved in a liquid of Nϭ214 particles interacting via the standard Lennard-Jones potential
The Lennard-Jones potential with ϭ3.4 Å and ⑀/k B ϭ120 K, along with molecular mass mϭ40 a.u., is known to successfully reproduce the properties of liquid argon. 10 The natural time unit is then given by ϭͱm/⑀ϭ2.16ϫ10 Ϫ12 s.
All dimensional quantities in this paper given as pure numbers should be understood as multiplied by an appropriate combination of ,⑀, and m ͑MD units͒.
We have used a standard fifth-order predictor-corrector algorithm with a time step of 0.001 25. Periodic boundary conditions were imposed on the system in all three directions.
We use the MD simulations to obtain the equilibrium correlation function g 2 eq , which is the necessary input into our theoretical calculations. In the simulations, we also monitor the bond VACF and the dynamic friction kernel in order to test the predictions of the theory.
To obtain the dynamic friction kernel, we monitor the force autocorrelation function of a rigid bond. As shown by Berne et al., 6 the force-autocorrelation function of a rigid bond coincides with the infinite vibrational frequency ( 0 ϱ) limit of the friction kernel.
IV. COMPARISON WITH MD
We investigated the dynamic friction kernel as a function of density, temperature, and bond length. In Fig. 1 we compare the theoretical predictions and the MD results for the most basic characteristic features of the dynamic friction kernel, i.e., its tϭ0 values and its integral or ϭ0 value of its Fourier-Laplace transform. It should be noted that the tϭ0 values are essentially the equilibrium ͑static͒ quantities. Our theory predicts initial time values of the dynamic friction exactly. Moreover, the theory correctly reproduces the trends in the density, temperature, and bondlength dependence of the ϭ0 values of the friction kernel: monotonic increase with density, relative insensitivity to the temperature, and a nonmonotonic dependence on the bond length. The theory correctly predicts the position of the maximum in the bond-length dependence of (0), while overestimating its magnitude.
In Fig. 2 we present the frequency dependence of the real part of the Fourier-Laplace transform of the dynamic friction. One can see that the theory does a reasonably good job of reproducing MD results-only at very low densities or very short bond lengths is there a qualitative disagreement. The theory does reproduce the relative independence of the shapes of Re () on the temperature. Figure 3 presents a comparison between theoretical and MD results for the dynamic friction in the time domain. The theory correctly predicts the short-time behavior of (t) and has a reasonably good overall agreement with MD. It should be mentioned that the theory becomes qualitatively inaccurate at low densities and short bond lengths; it predicts oscillations similar to or more pronounced than those in Fig.  3͑a͒ . Figure 4 shows Fourier-Laplace transforms of VACF, corresponding to the molecules of Fig. 3 , for two values of vibrational frequency, 0 ϭ60 and 90. These transforms are directly related to the absorption line shapes. As seen from the figure, our theoretical predictions for the line shapes are quantitatively correct.
We also revisited the state point studied by us in Ref. 3 (nϭ1.05, Tϭ2.5, and x 0 ϭ1.25) and investigated the line shapes for four different vibrational frequencies, 0 ϭ20,30,60 and 90, to see how well our theory works for lower vibrational frequencies. From Fig. 5 , one can see that the theory does much better a job of predicting line shapes for higher vibrational frequencies than for lower ones. This discrepancy may be explained by the fact that the highfrequency ( 0˜ϱ ) limit is not a good approximation for low vibrational frequencies.
V. CONCLUSIONS
We have studied here the density, temperature, and bond-length dependence of the dynamic friction. We have shown that the theory developed by us in Ref. 3 is able to reproduce all the trends seen in MD simulations. The theoretical predictions agree reasonably well with the results of MD simulations except for very low densities or very short bond lengths. At present, it is not obvious what causes the qualitative inaccuracies in these regions ͑it should be recalled that both explicit theoretical calculations and simulations use the rigid bond molecule͒. In principle, there are two different culprits. First, the moment expansion ͑12͒ that we use to solve the basic Eq. ͑3͒ may be breaking down. The second possibility is the failure of Eq. ͑3͒ itself.
It should be noted at this point that a similar disagreement between theory and simulations for very low densities was found in an earlier study of self-diffusion in liquids. 4 There, the physical picture is a bit more clear: in the lowdensity limit the large F-tail of the force distribution, which describes the two-particle collisions, becomes more and more important and therefore the low moment expansion similar to ͑12͒ cannot be expected to work.
We have tried to include more terms in the moment expansion ͑12͒, but were unable to improve agreement between the theoretical predictions and the results of MD simulations. The reason for this is unclear. It seems that a more fundamental investigation of the expansion ͑12͒ is needed. With regard to the second possibility, it is hard to see why the basic Eq. ͑3͒ should fail for very low densities or very short bond lengths; to the contrary, since the terms neglected in the derivation of Eq. ͑3͒ are higher order in the density than the terms that were retained, we expect that Eq. ͑3͒ should become exact in the low-density limit.
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